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ABSTRACT
Three medium speed screen-type medical x-ray films were
exposed and manually processed in accordance with the procedures
outlined in A.N.S. I. Standard PH-2.9, "Sensitometry of Medical
X-Ray Films". Subsequent to processing, all samples were evalu
ated upon the response variables of base plus fog density- max
imum density, A. N.S. I. speed, and A.N.S. I. contrast. A second
set of film samples, exposed identically to the manually
processed samples, were processed in a ninety-second cycle
automated system. After sensitometric evaluation of the automated
samples, a statistical comparison of the results obtained by both
processing procedures was executed.
In the second phase of the investigation, a factorial
experiment was executed- in an attempt to generate a mathematical
model for the sensitometric responses of the films under test
to manual processing with metol - hydroquinone developer form
ulations. Based upon the data yielded from the factorial exper
iment, several optimized developer formulas and manual proces
sing procedures were devised in an attempt to more closely
approximate the results achieved with automated processing of
the films utilized in the experiment.
INTRODUCTION AND BACKGROUND
In establishing standard procedures for the evaluation
of industrial or scientific products or processes, it is de
sirable to have the results obtained from such standards ap
proximate as closely as possible the results which would be
obtained from the same materials under field conditions. Such
correlation enhances the ability for one to evaluate the pro
duct or process in terms of both quantitative arbitrary standards
and the more subjective requirements of acceptability for a
given field or production operation.
In the case of medical radiography- previous experimen
tation has demonstrated that the present American National
Standard Institute procedures for the sensitometry of medical
x-ray films do not produce results which can be equated with the
results obtained from the same product under field conditions.
In addition, contemporary films designed for medical radiography
have been engineered to be primarily compatable with automated
processing. Such processes commonly operate on a dry-to-dry
process cycle ranging from ninety seconds to three minutes.
As this trend towards rapid processing of x-ray materials
continues, and interchangability of films, processing machines,
and propriatary processing formulations increases, enlarged
suspicion is cast upon the ability of the present A. N.S. I.
manual processing standards to approximatethe results of modern
automated processing in field applications.
In as early as 1955, Schumann had demonstrated that
"standard" developer formulations designed for the testing of
x-ray films which were intended for manual processing did not
yield results that could be correlated with "average practical
development" in the field. However, this study did indicate
that the "standard" developer formulation in use at the time
could be optimized in order to produce results which were more
typical of those found in general practice.
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Published m 1970, experimentation by Knapp and Hovis
again indicated that the contemporary U.S.A. Standard procedures
for the sensitometry of medical x-ray films could be modified
to produce results which were more consistent with those which
the authors surveyed from practical field data. However, in
this investigation no evidence is presented which would sub
stantiate the results claimed by the authors for proposed
developer formulations.
In the experiment presented in this report, an attempt
has been made to quantitatively determine the <extent to which
the standard procedures outlined in A. N.S. I. Standard PH-2.9
yield results consistent with those obtained by the processing
of contemporary medical x-ray films in automated systems. In
addition, based upon the results of factorial experimentation,
a mathematical model for the sensitometric response of three
such x-ray materials to manual processing has been developed.
-^G.W. Schumann, "Zur Frage dur Sensitometrischen Entwick-
lung von Rotgen-Folien-Filmen", Laboratorium der Dr. C. Schleus-
sner Fotowerke G.m.b.H., 85, 2, (1955)
2 . ...
Alfred Knapp and Johnny Hovis, An Investigation into the
Development Process of Medical X-Ray Films, Rochester Institute
of Technology, 1970
SYNOPSIS OF EXPERIMENTAL PROCEDURES
Based upon sensitometric data provided by their respective
manufacturers three screen-type double-coated medical x-ray
films were selected for use in the investigation: Kodak Film
Type RP X-Omat (RP-54) , 3M Brand Film Type R, and DuPont Film
Type Cronex 4.
Approximately one hundred sensitometrically exposed samples
were prepared for each film under evaluation. All samples were
exposed simultaneously on both emulsion coatings through a
continuous sensitometric wedge. Incident illumination was in
conformance to Section Three of A. N.S. I. Standard PH-2.9. The
sensitometer utilized in this portion of the experiment was
provided through the facilities of the Photographic Products
Division of the 3M Company, Rochester, New York.
Subsequent to exposure, the exposed samples were sealed
in moisture-proof foil envelopes and frozen. This procedure was
utilized in an attempt to minimize any possible sensitometric
effects which could be induced by latent image instability.
During the first phase of the experiment, five samples of
each film were processed in accordance with the procedures
dictated by A.N.S. I. Standard PH-2.9. For this manual processing
sequence, a vacuum bottle processing apparatus as described in
A. N.S. I. Standard PH-2.5 was utilized. Descriptions of this
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processing system may also be found in the article by Arnold ,
included in the Bibliography.
Test samples designated as recieving automated processing
were processed in a single Kodak X-Omat Processor, Model M-6.
The processor was operating at a solution temperature of 95 F
and a drying temperature of 140 F.
American National Standards Institute: "Method for Deter
mining the Speed of Photographic Negative Materials. New York:
American National Standards Institute, 1960. Standard PH-2.5
Provided through the facilities of the 3M Company, the processor
utilized in this phase of the experiment was known to be "in
statistical control". Kodak RP X-Omat processing chemistry was
used exclusively. Although the term "manufacturers' recommended
automated processing" implies machinery and chemistry manufactured
by the producer of each film, conversations with technical rep
resentatives from each of the companies involved established that
processing in the Kodak processor with RP X-Omat chemistry was
indeed "recommended" and acceptable for all materials under test.
All processed samples were analized for sensitometric
responses through the use of a computerized scanning densitometer
provided by the 3M Company. The densitometer utilized provided
readings of base plus fog density, maximum density, ANSI speed,
and ANSI contrast for each sample. In addition, a characteristic
curve for each sample was generated.
Subsequent to the sensitometric evaluation of the processed
film samples, a statistical comparison was made of samples of
each film processed in accordance with the A. N.S. I. standard
procedures and samples of the same film which recieved 90 second
automated processing. The results of these statistical compar
isons may be found tabulated in the "Results" section of the
report .
During the execution of the first phase of the experiment,
concern had been expressed relative to the possible effects of
the high drying temperatures associated with "automated processing
upon the sensitometric properties of finished samples. In an
attempt to evaluate the extent of such effects, samples of Kodak
Film Type RP X-Omat were processed in the Kodak M-6 processor
utilizing standard procedures. Subsequently, samples of the
same film were processed in the M-6 processor, but removed after
P. Arnold: "Thermos Bottle Development". American Photo
graphy, 35, 81 (1941)
the wash cycle and allowed to air dry at a temperature of 70F.
The results of this supplementary experiment are tabulated in
the "Results" section of the report.
Subsequent to the data analysis for the first phase of the
investigation, three seperate factorial experiments, one for
each film, were executed in a preliminary step towards optimiz
ing the A. N.S. I. standard developer formulas and processing
procedures. The design matrix for the two-level, five-factor
experiment design employed is included on page 8 of this sec
tion. The five factors utilized in the experiment were: devel
opment time, developer temperature, concentration of metol,
concentration of hydroquinone, and concentration of potassium
bromide. Previous experimentation had demonstrated that sulfite
level and the concentration of alkali in the developer formula
tion were expendable factors for the purposes of this initial
investigation.
The same vacuum bottle processing apparatus utilized in the
first phase of the investigation was again used in the execution
of the factorial experiments. A table of developer formulations
and treatment combinations is included at the end of this section
of the report .
It is to be noted that a half-replicated factorial design
was employed in an attempt to minimize the man-hours required
for this phase of the experiment. In addition, no internal rep
lication was incorporated into the experiment design.
Data from the factorial experiments for each response var
iable was subjected to ANOVA analysis in order to determine the
significance of individual effects and interactions. Summary
ANOVA data will be found in the "results" section. Preliminary
Yates analysis and ANOVA data is provided in Appendix Three.
Subsequent to ANOVA analysis, the factorial data for each
film and response variable was subjected to a computerized mul
tiple linear regression analysis. The net result of this analysis
was to form a predictor equation matrix for the sensitometric
properties of each film. Although some concern had initially
7been expressed as to the possible degree of fit which could be
achieved by such linear approximations, the final analysis
yielded multiple corelation coefficients ranging between 0.80
and 0.98. It is believed that this degree of simulation was
sufficient for the purposes of the experiment at hand. Although
the complete computer output for the regression analysis was
too lenghty to be incorporated into this report, a sample analysis
for one film and response variable has been included in Appendix
Four.
Utilizing both computerized simultaneous solutions of the
predictor matrices and human interpretation of the ANOVA and
initial factorial data, a processing schematic for each film
was derived which was hypothesized to be capable of generating
sensitometric results comparable with automated processing. In
addition, a recommendation for a single optimized formula is
advanced in the results section.
At the conclusion of the time available for experimentation,
the author was left with the impression that the investigation
was far from complete and certainly not totally conclusive.
Therefore a "Recommendations" section is included in this report,
beginning on page 44 .
(5-1)
DESIGN MATRIX FOR 2K ' FRACTIONAL FACTORIAL EXPERIMENT
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TABLE OF TREATMENT COMBINATIONS FOR FACTORIAL EXPERIMENT
10
Treatment Effect Aliases Developer Time* Temperature*




b(e) B -ACDE 2 4.0 80.0
ab AB -CDE, 1 8.0 80.0
'
c(e) C -ABDE 6 4.0 70.0
ac AC -BDE 5
8.0*
70.0
be BC -ADE 5 4.0 80.0
abc(e) ABC -DE 6 8.0 80.0
d(e) D -ABCE 4 4.0 70.0
ad AD -BCE 3 8.0 '70.0
bd BD -ACE. 3 4.0 80.0
abd(e) ABD -CE 4 8.0 80.0
cd CD -ABE 7 4.0 70.0
acd(e) ACD -BE 8 8.0 70.0
bcd(e) BCD -AE 8 4.0 80.0
abed ABCD -E 7 8.0 80.0
* Time expressed in minutes.
** Temperature expressed in degrees Fahrenheit.
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EXPERIMENTAL RESULTS
The results of the various phases of the investigation are
presented largely in graphical and tabulated form.
Characteristic curves are presented on pages 13 through 16
which illustrate visually the differences in sensitometric
response of each film to both 95 degree automated processing
and A. N.S. I. standard processing.
The tables included on pages 17 through 19 contain the data
analysis for the first stage of the total investigation. A glossary
of abbreviations utilized for statistical parameters in these
tables will be found in Appendix One. It is to be noted that in
each comparison of a sensitometric parameter between standard
and automated processing, a statistically significant difference
was observed.
The data table included on page 20 represents the results of
the experiment conducted to determine the extent of sensitometric
effects which may be induced by elevated drying temperatures.
As stated in the "Conclusions" section, it is obvious that dif
ferences which are statistically significant can be induced by
such drying conditions. The practical significance of such
variation, however, must be left to subjective interpretation.
Pages 21 through 23 consist of a tabulation of data obtained
from the execution of the factorial experiment for each film.
These tables should be self explanatory.
Summary ANOVA data for each film and response variable
combination will be found on pages 24 through 35 . It is import
ant to note that depending upon the response variable being
analized, differect interaction factors have been pooled to com
prise the residual error estimates. In each case, the factors
which were pooled and the significant value of the F test stat
istic are found at the bottom of the table. The complete Yates
Analysis tables and preliminary ANOVA tables from which the
summary ANOVA data was derived will be found in Appendix Two.
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Following the summary ANOVA tables, pages 36 through 38
contain the mathematical regression equation matrices which
were derived for each film from their respective facorial
experiments. In each set of equations, the equation designated
as (1) is the predictor equation for the base plus fog density
response. Similarly, equation (2) is the predictor equation for
maximum density, equation (3) projects the A.N.S. I. speed of
the material, and equation (4) predicts the resultant A. N.S. I.
contrast. The equation matrix designated "Substituted Equations"
consists of the regression predictor equationsinto which have
been substituted the desired response variables for automated
processing. Thus, if the substituted equation matrix could be
solved simultaneously, it would yield a development schematic
capable of duplicating the sensitomtric results achieved by
manufacturers' recommended automated processing of each film.
The final three data tables included in this section sum
marize the results obtained from processing schematics derived
from interpretation of the predictor matrices and qualitative
evaluation of the ANOVA data.
It is believed that the processing schematic described
for use with Kodak film Type RP X-Omat would be a satisfactory
general processing procedure for a qualitative approximation
of automated results for all of the films under test. This
hypothesis is tempered somewhat by the rather poor response
of DuPont Film Type Cronex 4 to any form of processing utilizing
a metol-hydroquinone developer formulation. The applicability
of manual processing to this film would be largely a subjective
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FACTORIAL EXPERIMENT DATA SUMMARY
21
Film: Kodak RP X Omat (RP-54)
Treatment Effect B+F D Max Speed Contrast
(1) Total 0.21 3.17 *2.27 2.70
a(e) A 0.21 3.15 2.32 2.68
b(e) B 0.23 3.22 2.31 2.82
ab AB 0.57 3.22 2.30 2.63
c(e) C 0.19 3.16 2.24 2.80
ac AC 0.25 3.12 2.31 2.75
fee BC 0.29 3.20 2.30 2.73
abc(e) ABC 0.35 3.22 2.33 2.68
d(e) D 0.19 3.20 2.22 2.81
ad AD 0.25 3.18 2.32 2.68
bd BD 0.24 3.32 2.32 2.83
abd(e) ABD 0.29 3.28 2.34 2.77
cd CD 0.20 3.14 2.21 2.75
acd(e) ACD 0.21 3.20 2.29 2.82
bcd(e) BCD 0.23 3.26 2.32 2.84
abed ABCD 0.46 3.28 2.33 2.71
FACTORIAL EXPERIMENT DATA SUMMARY
22
Film; 3M Brand Type "R"
Treatment Effect B+F D Max Speed Contrast
(1) Total 0.29 3.12 *2.36 2.40
a(e) A 0.33 3.01 2.37 2.31
b(e) B 0.33 3.20 2.41 2.46
ab AB 0.70 3.24 2.37 2.41
c(e) C 0.23 3.01 2.34 2.34
ac AC 0.43 3.08 2.37 2.37
be BC 0.47 3.16 2.40 2.32
abc(e) ABC 0.46 3.20 2.38 2.33
d(e) D 0.23 2.97 2.30 2.20
ad AD 0.43 3.03 2.35 2.25
bd BD 0.39 3.24 2.42 2.38
abd(e) ABD 0.42 3.26 2.39 2.36
cd CD 0.25 3.10 2.34 2.47
acd(e) ACD 0.29 3.08 2.38 2.36
bcd(e) BCD 0.33 3.20 2.40 2.37
abed ABCD 0.62 3.25 2.39 2.25
FACTORIAL EXPERIMENT DATA SUMMARY
23
Film: DUPont Cronex 4
Treatment Effect B+F D Max Speed Contrast
(1) Total 0.44 3.16
*
2.05 2.30
a(e) A 0.61 3.20 2.07 2.30
b(e) B 0.53 3.25 2.06 2.43
ab AB 1.25 3.28 3.15 1.05
c(e) C 0.31 3.16 2.10 2.40
ac AC 0.74 3.14 2.01 2.15
be BC 0.80 3.18 1,96 2.08
abc(e) ABC 0.91 3.22 1.94 1.92
d(e) D 0.29 3.12 2.09 2.43
ad AD 0.68 3.22 2.03 2.31
bd BD 0.62 3.24 2.03 2.25
abd(e) ABD 0.78 3.22 1.99 2.14
cd CD 0.33 3.14 2.07 2.41
acd(e) ACD 0.47 3.22 2.09 2.31
bcd(e) BCD 0.56 3.24 2.03 2.34
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CONCLUSIONS
Based upon analysis of the experimental data presented in this
report, the following interim conclusions are hereby advanced:
1) Sensitometric results obtained by the utilization of proced
ures outlined in the present A.N.S. I. Standard PH-2.9 do not
successfully approximate the results obtained with the same
screen-type films when subjected to manufacturers' recom
mended automated processing.
2) For any one of the three films utilized in this experiment,
an optimized metol -hydroquinone developer formula and pro
cessing schematic may be devised which will approximate the
sensitometric results obtained with 95 degree automated
processing when evaluated upon the response variables of
base plus fog density, A. N.S. I. speed, and A.N. S.I. contrast.
3) The maximum densities achieved with manufacturers' recommend
ed automated processing of the films under evaluation can
not be duplicated with a metol-hydroquinone developer formula
over the time and temperature ranges utilized in this exper
iment. It is hypothesized that this inconsistency is due to
a covering power function rather than the actual amount of
metallic silver per unit area produced by the various pro
cessing systems.
4) Although a single developer formula and processing system for
manual operation may be devised to more closely approximate
the results obtained by automated processing, it is doubtful
that a single formula can be found which will duplicate
such results for all screen-type films currently marketed.
5) When derived from carefully executed factorial experimenta
tion, a system of predictor equations may be generated and
successfully utilized to anticipate the sensitometric re
sponse of a given film to a proposed developer-time-
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temperature system. Although a linear regression model was
demonstrated to be sufficiently accurate for the purposes
of this experimentation, a second-order model would be -
desirable for more detailed investigation.
6) It has been demonstrated that for at least one film utilized
in this experiment, elevated drying temperatures such as
those encountered in automated processing may induce sign
ificant sensitometric effects in the processed samples.
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RECOMMENDATIONS
Based upon the data and conclusions which have been derived
through the present stage of this investigation, the following
recommendations for further experimentation are proposed:
1) Sets of equal response contour lines for each film and
response variable should be generated for all proposed
processing schematics. For such plots, the factors of metol
concentration, hydroquinone concentration, and potassium
bromide concentration should be fixed at proposed levels
while the factors of time and temperature should be used
as the variables of the coordinate axes. Such plots could
be easily derived from the regression predictor equations
presented in the "Results" section of this report. Detailed
instructions for the construction of such plots may be
found in Section 17.5 of Statistics: An Introduct ion by
Rickmers and Todd.
2) In addition to the contour line plots described above, it
would be interesting to derive similar plots from actual
time versus temperature experiments utilizing the developer
formulas proposed in this report. Such plots would provide
an interesting comparison between the results predicted by
the mathematical response models and actual experimental
results.
3) Although it would require an extensive time -investment, a
highly fractionalized three-level factorial experiment
utilizing one of the films employed in this investigation
would yield a more accurate mathematical predictor model
Albert D. Rickmers and Hollis N. Todd: Statistics: An
Introduct ion, New York: McGraw Hill Book Company, 1967
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and provide presently unavailable data relative to the sign
ificance of three-factor interactions between components of
the metol -hydroquinone developer formulas.
3) An experiment should be executed to determine more precisely
the nature of the covering power effects which are hypothe
sized to be responsible for the inability of proposed manual
processing formulas to yield maximum densities comparable
to those evidenced in 95 degree automated processing.
4) Time constraints upon the present investigation did not
allow sufficient time for experimentation with the addition
of agents such as hydrazine and polyethyleneglycols to
developer formulas in an attempt to increase the speed and
maximum density of processed samples. Extensive experimen
tation in this area remains to be initiated.
5) Experiments similar to those performed with screen-type
films should be repeated with at least one direct exposure
x-ray material. Since a different latent image formation
mechanism is in operation with materials exposed to direct
x-radiation, different standard processing procedures may
be required for these films.
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APPENDIX ONE
ABBREVIATIONS UTILIZED FOR STATISTICAL PARAMETERS
X = The arithmatic mean for a set of data.
^^"
= Absolute difference between two means.
a1<96 = Absolute difference between the means of two sets
of data expressed as a percentage of the desired
or target mean value.
Sigma = The standard deviation of a sample population.
C.I. = Plus or minus limits defining a confidence interval
about a sample mean. All confidence intervals in
this report were derived for a 0.95 confidence level.
T(Cr) = Critical value of the T distribution.
T = Test value of the T statistic.
D.F. = Abbreviation for degrees of freedom.
F = Computed value of the F ratio, usually compared to a
critical value of the F distribution in order to
determine the significance of a factor.
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APPENDIX TWO
YATES ANALYSIS AND PRELIMINARY ANOVA ANALYSIS
OF DATA FROM FACTORIAL EXPERIMENTS
Tables included on the following pages represent the results
of Yates estimate of effects and preliminary ANOVA analysis
of factorial data for each film and response variable under
evaluation. Final summary ANOVA data is presented in the
"Results"
section of the report.
A detailed explaination of this method of data analysis may be
found in Section 16.6 of Statistics: An Introduction by Rickmers
and Todd .
Albert D. Rickmers and Hollis N. Todd: Statistics: An
Introduction, New York: McGraw Hill Book Company, 1967
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CHARACTERISTIC CURVES FOR FILM SAMPLES RUN IN
FACTORIAL EXPERIMENTS
The following characteristic curves represent the response of
films under evaluation to the various treatment combinations
encountered in the factorial experimentation. Each plot is
labeled to identify the film and treatment combination which
it represents.
Response'
variables of base plus fog density,
maximum density, A.N.S. I.- speed, and A.N.S. I. contrast are
tabulated for each plot.
In all cases, the curve depicted by the dotted line represents
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Mi'. I Coril r .i;.l. i 2. Ji.
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Filmi 3M Type R
Treatment i acd(e)
tin'. + It/'|i 0. 21
M-iZ l>"nr.i I yi i . IJi;
AMI riprcJi /. ([.
AMf r.'oni i,,(ii i 2. ji,
4 . . -
2 ll it It, it
RELATIVE LOG EXPOSURE


















































Filmi 3M Type R
Treatment i abed
li.ilir. + l-o'il 0 1.7
K.i/ b'-rini 1 yi 1 21
A.I'M :;[ 'ji 2 11
AW.il lunt i .i:il i 2 21
0 ' i i i i i 1 i
0 / .4 .ft .8 1 i / i <
_a , , , , 1 . . 1


















Kl Iml 111 ''eiil I'l ulleN |
Tl e.il mfnl i ( 1 )
Base + Fogi 0.44
Max Density i 3.16
AXSI Speed i 2.05
ANSI Contrast i 2.30



















Filmi DuPont Cronex 4
Treatment i a(e)
H.m- + Ko')i 0.11
M.i/. I>"irii 1 /! 1.20
AMI *.|."i"Ji 2.07
AN'.r Cont i ..-.i i 2. il)
2 ii it itii 14 m ia // i. in s
RELATIVE LOG EXPOSURE




























1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
RELATIVE LOG EXPOSURE
3.2 3.4 3.6 3.8
Filmi DuPont Cronex 4
Treatment i ab
li.lflc + "fKJI





AMI r.'f,nl. i,i:,i.i 1.01
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M lint Plil'enl I'l niiex 4
Tl e,i I m.'til i i ( e )
Base + Fogi 0.31
Max Density! 3.1 6
AXSI Speed! 2.10
AXSI Contrast i 2.40






















Filmi DuPont Cronex 4
Treatment i ac
ll'i'H' + f-r,<-|l
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Filmi DuPont Cronex 4
Treatment! abc(e)
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K i 1 m i Lmfonl Cron
^TriMln.i'1,1 i Ij.iIi.)
/. 4
li.j'je + l-o'|i (j
M.jz Di-n.'ii I yi )
AMI Ipecji y





I / 14 I ft I
I 1 ,
2 til 4 2t. in
+--
RELATIVE LOG EXPOSURE
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Filmi DuPont Cronex 4
Treatment i ad
U.1T1C 1- furyt ll. CM
M.ix beiriii yi i.22
AN'. I r.\,i-i'll 2.0 1
AMI r.'oni unl i 2. 11





















K i.i in i luil'iml Clones 4














Filmi DuPont Cronex 4
Treatment i abd(e)
3.0+ Base + Fogi 0.78
Max Densityi 3.22
ANSI Speed I 1.99
















F-Jmi IiuPoril. Cronez 4
Tre.,1 menl | l-rl
li.i.'i" + O'JI







T~Ti -i r2 ll It ii. II14 I ft 18
RELATIVE LOG EXPOSURE
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Filmi DuPont Cronex 4
Treatment i acd(e)
Is.:e + Fo'ji 0.47
M.iz lnntii I yi I. 22
A!.~:i 1p"<"Ji 2.0')
AMI Coii) i ,int i 2. j\
-i , -
I I / ) 4
-4 . r
2 11 it ll
RELATIVE LOG EXPOSURE
Tl 34 il TH 4
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